Abstract: Responses to osmotic change are critical for plant survival, development, and reproduction. Hyperosmolality-induced cytosolic free calcium concentration [(Ca 2+ ) i ] increase (OSCAs) proteins have been described as osmosensors in plants and animals. To investigate functional roles of OSCA genes (PbrOSCAs) in pear (Pyrus bretschneideri Rehd.), bioinformatics, and expression analyses of the PbrOSCAs were performed. Sixteen PbrOSCA members were identified in the pear genome. PbrOSCA family members were classified into four clades by sequence alignment and phylogenetic analysis. Moreover, protein structure analysis indicated that the 16 PbrOSCA members shared similar structures with their homologues in Arabidopsis and rice. Multi-transmembrane patterns and ion transport pore sites of PbrOSCAs were conserved, and expression profiles of PbrOSCA varied among tissues and with osmotic stress conditions. In particular, expression levels of six PbrOSCAs gradually increased with time during osmotic stress, suggesting that PbrOSCAs may play regulatory roles in plant osmotic stress responses.
Introduction
Drought stress is one of the most widespread environmental factors affecting agricultural production (Claeys and Inze 2013) and global climatic changes may increase the frequency of droughts. In previous years, several investigations on signal transduction during drought and osmotic stress have been reported (Yuan et al. 2014; Ranty et al. 2016; Zhu 2016) . Moreover, calcium ions (Ca 2+ ) have been identified as important secondary messengers of signalling pathways that couple drought stress with adaptive responses of plants (Ranty et al. 2016; Wang and Komatsu 2017) . Ca 2+ signalling is a key topic in cell signalling research (Spalding and Harper 2011; Edel and Kudla 2014) and Eukaryotic cells generate cytosolic Ca 2+ signals via Ca 2+ -permeable channels. In plants, cyclic nucleotidegated cation (CNGC) channels (Frietsch et al. 2007; Gao et al. 2014 Gao et al. , 2016 Chen et al. 2015b) , glutamate-like receptor (GLR) calcium channels (Michard et al. 2011; Weiland et al. 2016) , mechanosensitive Ca 2+ -permeable channels (MC) (Nakagawa et al. 2007; Kurusu et al. 2013; Hamilton et al. 2015) , and two-pore channels (TPC) (Peiter et al. 2005; Patel et al. 2016) have been cloned and characterised for their Ca 2+ conducting activities. CNGCs are predominantly localised in the plasma membrane (Jha et al. 2016 ) and comprise cytoplasmic C-terminal calmodulin-binding domain (CaMBD) and cyclic nucleotide-binding domain and an N-terminal hexa-transmembrane (TM) domain that forms a passage for cation transport. Twenty-one conserved CNGCs have been identified in pear (Pyrus bretschneideri Rehd.) (Chen et al. 2015b ) and Arabidopsis CNGCs have been identified as multi-functional regulators with roles in abiotic stress responses, pathogen defences, and reproductive fertility (Gao et al. 2016; Jha et al. 2016) . GLRs act as sensors and mediators of numerous exogenous and endogenous signalling pathways in plants and animals (Weiland et al. 2016) and have been associated with systemic wound responses, mitochondria and chloroplast functions, pollen tube growth, root apical meristem regulation, abscisic acid biosynthesis, water balance, carbon/ nitrogen sensing, and root development (Forde 2014; Teardo et al. 2015) . MC Ca 2+ -permeable channels sense osmotic shock, touch, and gravity, whereas MscS-like (MSL) and Mid1-complementing activity (MCA) proteins are considered as candidate MC channels (Kurusu et al. 2013 ) that play roles in plastid morphology, hypoosmotic responses, and touch stimulation.
Recently, a novel family of osmotic stress-evoked Ca 2+ -permeable channels was reported. Among these, Reduced Hyperosmolality-induced [Ca 2+ ] i Increase 1.1 (OSCA1.1, At4g04340) and Ca 2+ -permeable Stress-gated Cation Channel 1 (CSC1, At4g22120; also termed as OSCA1.2) (Hou et al. 2014; Yuan et al. 2014) were identified as OSCA family members in Arabidopsis and reportedly share 85% amino acid sequence identity. OSCA1.1 and CSC1 are multi-TM proteins with highly conserved DUF221 domains (Domain of Unknown Function 221) and cytosolic regulatory loops and both are evoked by osmotic stress and play crucial roles in [Ca 2+ ] i increases (Hou et al. 2014; Yuan et al. 2014) . Accordingly, the stomatal aperture was increased in osca1 mutants during hyper osmotic treatments and detached leaves of these mutants lose water much more rapidly than those of wild-type controls (Yuan et al. 2014) . Eleven OSCAs were also identified in rice with conserved DUF221 domains. Ten OsOSCAs showed correlation with osmotic changes at different level (Li et al. 2015) .
Water retention is crucial for the survival of most plants under osmotic stress and OSCA-like Ca 2+ channels probably mediate signal transduction mechanisms during osmotic stress. Pear is an important fruit crop and our previous study suggested that Ca 2+ plays critical roles in pear cells (Wu et al. 2010 (Wu et al. , 2011 (Wu et al. , 2014 . Here, we show that OSCA members in pear may have conserved gene structures and function like those in Arabidopsis and rice (Hou et al. 2014; Yuan et al. 2014; Li et al. 2015) . Moreover, present sequence data demonstrate that OSCA family members are conserved across angiosperms and confirm their functional roles in osmotic responses. (Hou et al. 2014; Yuan et al. 2014; Li et al. 2015) . All OSCA members were submitted to TMHMM 2.0 (http://www.cbs.dtu.dk/services/ TMHMM) and TMpred (http://www.ch.embnet.org/ software/TMPRED_form.html) for TM domain prediction. Proteins with conserved domains, such as OSCA in Arabidopsis and rice, were analysed further.
Materials and Methods

Identification of
Chromosomal locations, conserved motifs, and sequence and phylogenetic analyses of OSCA genes Full-length OSCA amino acid sequences were aligned using the MUSCLE (version 3.5) programme (Edgar 2004 ) and phylogenetic trees were constructed using the maximum likelihood method with MEGA 6 software (Tamura et al. 2013) . To examine structural divergence among OSCA genes in pear, conserved motifs were investigated in the encoded OSCA proteins. OSCA protein sequences were then subjected to multiple expectation maximisation for motif elicitation (MEME) analyses online (http://meme.sdsc.edu/meme4_3_0/intro.html).
Calculation of Ks values for duplication dates and adaptive evolution analyses of the OSCA gene family Homologous gene pairs among OSCA family members in pear were inferred from the phylogenetic tree and nucleotide coding sequences of homologous genes were aligned using the Clustal X programme (Larkin et al. 2007 ). Gaps were manually removed from the alignments using Notepad++ (http://notepad-plus-plus.org/). The programme K-Estimator 6.1 (Comeron 1999 ) was used to estimate nonsynonymous substitution rates (Ka) and synonymous substitution rates (Ks) of homologous pairs and evolutionary rates were estimated to examine patterns of macroevolution. It is widely expected that Ks of gene duplications are similar over time (Shiu et al. 2004 ).
Thus, we used Ks values of conserved flanking proteincoding genes for estimating dates of segmental duplication events. Subsequently, we calculated mean Ks values for all homologous gene pairs within a duplicated block and thereby dated duplication events. Ks N 2.0 were excluded from analyses to avoid the risk of saturation. Mean Ks values were used for calculate approximate dates of duplication events using the following formula: T = Ks/ 2λ, where clock-like rates (λ) of 1.5 × 10 −8 substitutions/ synonymous site/year are assumed for Arabidopsis. Ka/Ks ratios of coding regions of paralogous OSCA genes from pear were separately calculated and sliding window analyses were used for determining whether Darwinian positive selection was involved in gene divergence after duplication.
Plant growth conditions
For tissue specific expression detection, materials were collected from pear trees (P. bretschneideri) grown in a natural environment in Nanjing, China. Flowers were collected a few days before anthesis, and styles were detached, weighed, and freezed in liquid nitrogen. Anthers were collected, dehisced, and dried in bottles containing desiccants and then stored at −20°C over silica gel until use in experiments. Mature pear pollen was incubated in liquid culture media for germination and growth (Wu et al. 2014) .
For osmotic changes treatments, pear seedlings were grown in a chamber. Mature seeds were harvested approximately 12 wk after flowering, were germinated for 2 d, and were then transferred to pots containing soil and vermiculite. Roots, leaves, and stems were harvested 50 d after transfer. Roots were then treated with 500 mmol L −1 sorbitol and samples were collected at 0, 12, and 24 h and frozen in liquid nitrogen.
Total RNA extraction, RT-PCR, and qRT-PCR
Expression levels of OSCA genes were determined using quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR). Briefly, total RNA was extracted from harvested materials using Trizol reagent (TaKara Bio, Tokyo, Japan) according to the manufacturer's instructions and DNase I treatments were performed to remove genomic DNA contamination. RNA samples (1 μg) were reverse transcribed using TaKara SYBR PrimeScript RT-PCR Kit for Perfect Real Time. Purified cDNA samples were then appropriately diluted with RNase-free water before use as templates in realtime PCR (RT-PCR) and qRT-PCR analyses. Reactions were performed using platinum Taq with specific primers for PbrOSCA genes (Supplementary Table 3) 1 and 100 ng aliquots of RNA, and thermal cycling conditions were 3 min at 94°C; 35 cycles of 30 s at 94°C, 30 s at 56°C, 1 min at 72°C, and a final extension of 10 min at 72°C. Amplification products were fractionated on 3% agarose gels. PbrTUB was used as a standard gene for gene expression analyses (Chen et al. 2015a ). Then, a 20 μL solution system, corresponding to 5 ng of total cDNA, was used for quantitative reverse transcription polymerase chain reaction (RT-qPCR; TaKaRa SYBR PrimeScript RT-PCR Kit for Perfect Real Time). The reaction was performed in a RT-qPCR cycler (Roche LightCycler® 480II) according to the manufacturer's method (TaKaRa). Reaction mixtures were incubated for 10 min at 95°C for preincubation, followed by 45 amplification cycles of 3 s at 95°C, 10 s at 60°C, and 30 s at 72°C. After that, a dissociation curve was generated (60-95°C) to determine specificity of the amplicon. Three biological replicates were amplified for all samples. Lin-RegPCR was used for calculating the efficiency of RT-qPCR primers. An electrophoresis analysis of PCR product sizes was also performed for determining the specificity of their amplicons. Expression levels of GLRs in all samples were determined using their quantification cycle values (Cqs). Then, these expression values were converted into log2 values and standardised using EXPANDER 6. K-means clustering in EXPANDER 6 grouped the genes into different clusters based on their unique expression patterns. The MIQE checklist contains essential information about qPCR analysis performed in this study (MIQE checklist). All indexes were in accordance of the MIQE guidelines (Bustin et al. 2009 ).
Results
Phylogenetic analysis of OSCA family members across taxa
More than 380 candidate OSCA members were identified using BLAST against the pear genome (http://peargenome.njau.edu.cn/) and NCBI databases. After removing redundant and false candidate genes, 16 OSCA genes in pear were examined further (Table 1) . Comparisons of these genes were made between the species P. bretschneideri, M. domestica, P. mume, P. persica, F. vesca, B. distachyon, S. bicolor, P. patens, M. musculus, H. sapiens, S. cerevisiae, and C. reinhardtii and with the model plants Arabidopsis thaliana (L.) Heynh. and Oryza sativa L. Analyses of TM domain patterns showed that the OSCA family members AtOSCA1.1 and AtOSCA1.2/AtCSC1 have three putative functional domains, including an N-terminal 3 TM domain, a cytosolic loop, and an N-terminal multi-TM domain. A total of 130 members with multi-TM domain patterns that were similar to those of AtOSCA1.1 and AtOSCA1.2/AtCSC1 were observed (Supplementary Table 1) .
1 These data suggest that OSCA-like genes are expressed across multiple taxa including angiosperms, moss, algae, yeast, and mammals.
To classify OSCAs and investigate evolutionary relationships, phylogenetic analyses were performed using protein sequences. A phylogenetic tree was constructed using the maximum likelihood method and all the 130 OSCA members were classified into four clades (Fig. 1) . OSCA members from angiosperms were included in all the four clades, whereas OSCA-like proteins from yeast and mammals were only present in clade 4. Among these members, ScYLR241W from yeast and HsTM63C from humans are known to conduct Ca 2+ currents (Hou et al. 2014) , suggesting that the OSCA-like protein with conserved domains might have conserved activity for Ca 2+ flux.
OSCAs from moss were classified into clades 1 and 3, and no OSCAs from moss were classified into clades 2 and 4. OSCAs in monocots and dicots were classified into several subclades of all four clades, suggesting that the four OSCA clades were established before the divergence of monocots and dicots. Among OSCAs in dicots, members from Arabidopsis and Rosaceae species can be divided into two clear groups.
Transmembrane domain analysis of OSCA genes
Transmembrane domain analysis using TMHMM software suggested that OSCAs possess 8-10 potential TM domains ( Fig. 2 and Supplementary Fig. 2) .
1 Using SMART, the first three domains at the N-terminal were predicted to be RSN1_TM (pfam13967) domains (Schultz et al. 1998; Letunic et al. 2015) . Moreover, according to the Pfam description, the RSN1_TM family represents the first three TM regions of 11 TM proteins, which are involved in vesicle transport. In S. cerevisiae, these proteins are members of the yeast facilitator superfamily and are integral membrane proteins that are localised to the cell periphery, particularly in the bud-neck regions. This distribution pattern is consistent with roles in late exocytosis and with the ability to substitute for the function of Sro7p, which is required for sorting protein Enap1 into cell surface-destined golgi-derived vesicles (Wadskog et al. 2006; Finn et al. 2014) . Using SMART software, the C-terminal multi-TM region was predicted to be a DUF221 (pfam02714) domain. According to the Pfam description, the DUF221 family comprises hypothetical TM proteins with unknown functions, with an aligned region of approximately 500 amino acid residues (Hou et al. 2014; Yuan et al. 2014; Li et al. 2015) . In addition, a loop was identified at the cytosolic side between the N-terminal RSN1_TM and the C-terminal DUF221 ( Fig. 2 and Supplementary Fig. 3 ).
1
For C-terminal DUF221, there is a putative site for ion pore. For AtOSCA1.1 and AtOSCA1.2/AtCSC1 had Ca 2+ permeable channel activity. The group 1 was used for sequence analysis. The pore site is a helix with YESAAA pattern (Supplementary Figs. 3 and 4) . 1 Among proteins of clades 1, 2, and 3, the SMART programme predicted that this loop contains the DUF4463 (pfam14703) domain. In addition, the Pfam description predicted that DUF4463 is a cytosolic domain in integral membrane proteins of unknown function. Moreover, this domain usually follows a RSN1_TM domain and precedes a DUF221 domain. However, two DUF221 domains were predicted at the C-terminal of clade 4 proteins, whereas the DUF4463 domain was predicted to be absent in all clade 4 members.
Motif analyses of OSCA family members
Detailed motif information on OSCAs from plants was mined using the motif search tool MEME and 50 motifs were identified from 62 OSCAs from A. thaliana, P. bretschneideri, M. domestica, O. sativa, and B. distachyon (Fig. 3) . The motif patterns suggest group specific domains and indicate potential different functions of OSCA proteins. The 50 motif patterns were shown in Supplementary Fig. 1 . Motif patterns in the four clades were highly consistent with the phylogenetic tree. In clade 1, most members had motifs 4, 9, 22, 8, 28, 2, 29, 13, 7, 10, 6, and 1 in their sequences, and with the exception of AtOSCA1.4, all members of clade 1 had motif 6. The sub-clade AtOSCA1.8 has motif 47 at the C-terminal, and other members of clade 1 had motif 30 instead. In clade 2, most members possessed motifs 24, 17, 16, 29, 26, 9, 22, 3, 20, 38, 15, 13, 7, 10, 14, 5 , and 18 in their sequence, whereas most of the members of clade 3 possessed motifs 24, 17, 39, 16, 32, 9, 43, 3, 8, 11, 37, 13, 7, 10, 14, 29, 5, 18, 31, and 49 . In clade 4, all members possessed motifs 24, 42, 16, 26, 9, 19, 34, 20, 40, 15, 13, 27, 10, 21, and 12 . These data also show that RSN1_TM, DUF4463, and DUF221 domains have specific sequences in members of these four clades, although the four clades may have different functions in plants.
The RSN1_TM domain mainly comprised motifs 4, 26, 9, and 22 in clade 1, motifs 24, 17, 16, 29, 26, 9, and 22 in clade 2, motifs 24, 17, 39, 16, 32, 9, and 43 in clade 3, and motifs 24, 42, 16, 26 , and 9 in clade 4. In particular, motif 9 was conserved across the four clades in 60 members with the RSN1_TM domain. This conserved motif might be a critical domain for OSCA function and its structure in regular expression syntax was N Fig. 3 and Supplementary Fig. 1) .
[VL][TP][SF]S[DS][LI] DK[LF][ST]ISN[VI]PE[GK]Sx[RW][LF]W[VA]H (
1 In addition, motif 3 was closer to the RSN1_TM domain and was conserved across all four clades and among 55 members, suggesting that motif 3 is a conserved functional domain.
The DUF4463 domain is a hydrophilic domain at the cytosolic side. MEME motif searches showed that the DUF4463 domain predominantly comprises motifs 8, 40/17, 28, and 2 in clade 1; motifs 8, 36, and 20, motifs 8, 44, and 2, or motifs 48, 44, and 20 in clade 2; and motifs 8 and 11 in clade 3. In particular, motif 8 was conserved across clades 1, 2, and 3 in 53 members with the DUF4463 domain, suggesting that this conserved motif 
EQ]S[VI]S[ED][LT]V[ED][HS]FF[KL]V[NY][HY]P[DS][HTS]YL [ST]HQVVY[NDR]A[NG].
The DUF221 domain was classified into three types, and members of clades 2 and 3 shared similar motifs, whereas those of clades 1 and 4 contained the other two types of motif patterns. Specifically, the DUF221 domain comprised motifs 2, 29, 13, 7, 10, and 6 in clade 1; motifs 20 or 2, 38 and 15 and 13, 7, 10, 14, 41, 5 in clade 2; motifs 11, 37, 13, 7, 10, 14, 29, and 5 in clade 3; and motifs 20, 40, 15, 13, 27, 10 , and 21 in clade 4. Motif 12 at the C-terminals of clade 4 members was also predicted to be a DUF221 domain.
The present predictions also suggest the presence of a functional domain for ion transport in the DUF221 domain. Moreover, the helix between the 8th and 9th TM domains of AtOSCA1 resemble a pore domain (Yuan et al. 2014 ) and alignments of these TM regions were found in members of clade 1, with highly conserved sequences. Secondary structure predictions suggest the presence of a conserved helix between the two TM domains, with similar residues in all members of clade 1. Subsequent alignments of all 130 members resulted in the identification of the corresponding conserved motif YESAGAFWP ( Supplementary Fig. 4 ).
1 Fig. 2 . Multi-transmembrane pattern of OSCAs in Arabidopsis and pear. OSCAs were multi-transmembrane proteins. The diagram for conserved domains were labelled at the top. SP means signal peptide. N-terminal 3 transmembrane sites were RSN1_TM domains. The large cytosolic loops contained DUF4463 domains. C-terminal transmembrane sites were conserved DUF221 domains. OSCA in Arabidopsis and pear share a similar pattern of multi-transmembrane domains. DUF221 domains had different transmembrane pattern in each group. [Colour online.] Fig. 3 . Conserved domain analysis of OSCA proteins in plants using the MEME programme. Fifty motifs were identified from of OSCAs from A. thaliana, P. bretschneideri, M. domestica, O. sativa, and B. distachyon. Motif patterns in the four clades were highly consistent with the phylogenetic tree. [Colour online.] Evolutionary patterns of OSCA genes As a recent whole-genome duplication (WGD) events occurred in pear (Wu et al. 2013) , gene duplication can be observed in several gene families in pear genome. By analysis of chromosomal locations of OSCA genes, 16 OSCA-like genes in pear were found to be located on 8 of the 17 chromosomes, with 5 OSCA genes on chromosome 15, 3 on chromosome 13, 2 on chromosomes 2, and 5 and a single OSCA gene on chromosomes 6, 8, 10, and 17 (Fig. 4) . By comparing gene locations on different chromosomes of the same species, gene duplication could be inferred (Cannon et al. 2004 ). Analyses of evolutionary relationships between genes revealed five duplicated gene pairs among these 16 pear OSCA sequences. Specifically, gene duplication was found between PbrOSCA1.1-PbrOSCA1.2, PbrOSCA2.4-PbrOSCA2.3, PbrOSCA4.2-PbrOSCA4.1, PbrOSCA3.4-PbrOSCA3.1, and PbrOSCA2.1-PbrOSCA2.2. Moreover, PbrOSCA1.2 and PbrOSCA3.1 on chromosome 5 are paralogs of PbrOSCA1.1 on chromosome 10 and PbrOSCA3.4 on chromosome 15, respectively. These results indicate active roles of gene duplication in the evolution of OSCA family.
Ks values are widely used for estimating evolutionary dates of WGD or segmental duplication events. Thus, we deduced gene duplication events according to Ks values (Supplementary Table 2) 1 and found that PbrOSCA1.1, PbrOSCA1.2, PbrOSCA4.2, PbrOSCA4.1, PbrOSCA3.4, PbrOSCA3.1, PbrOSCA12.1, and PbrOSCA2.2 were duplicated 11-15 million years ago (MYA), whereas PbrOSCA2.3 and PbrOSCA2.4 appeared 112 MYA. Most of these genes were generated around the WGD event, which occurred in the ancestor genome of pear and apple, suggesting an important role of this WGD event in the expansion of the PbrOSCA family.
Expression patterns of OSCAs in pear
Semi-qRT-PCR and qRT-PCR analyses of RNA extracted from roots, leaves, fruit, and pollen of pear ( Fig. 5 and Supplementary Fig. 5 ).
1 Among these, 14 OSCAs were expressed in roots, suggesting that OSCAs may play critical roles in roots, probably as sensors of osmotic changes. In addition, OSCAs were also expressed in leaves, fruit, and pollen. PbrOSCA2.5, PbrOSCA2.6, and PbrOSCA4.1 were expressed highly in pear pollen compared with other genes, indicating these OSCA may play a role in reproduction. Expression profiles of OSCAs under osmotic-related abiotic stresses.
OSCA genes have been functionally associated with osmotic stress responses in Arabidopsis (Yuan et al. 2014) , suggesting that OSCAs may play similar roles in pear. Thus, to investigate osmotic stress responses of OSCA family genes, we treated roots of pear with 500 mmol L −1 sorbitol and determined relative expression levels of OSCA family genes (Fig. 6 ). These analyses showed increased expression of OSCA family genes over time in treated roots, particularly at 24 h after treatment, compared with the controls. However, expression of PbrOSCA3.1, PbrOSCA3.2, and PbrOSCA4.2 showed no difference between treated and control groups. These data indicate that some OSCA family genes are responsive to osmotic stress, indicating the role of the OSCA family in osmotic response.
Discussion
Unable to escape hostile environments like animals, plants from seed germination continue to endure environmental factors such as drought, extreme temperatures, salt, and other abiotic and biotic stress factors (Braam 2005; Scheres and van der Putten 2017) . Thus, to adapt and survive through changes in environmental conditions, plants have evolved rapid and complex stress signal transduction networks. Various environmental stimulus such as light changes, low and high temperature, mechanical stimulation, water flood, and drought stresses are present throughout the growth and development of plants. In a recent study, induction of OSCAs led to increases in intracellular Ca 2+ in Arabidopsis during osmosis in hypertonic solutions (Hou et al. 2014; Yuan et al. 2014) . OSCAs were also identified in monocotyledon plants and correlations between osmotic changes during development and environment change have been reported (Li et al. 2015) . These reports increased our understanding of molecular mechanisms underlying plant osmotic stress sensing.
To elucidate origins and evolution patterns of OSCA genes, we determined the date of gene duplication events in OSCA family genes and estimated divergence times of homologous gene pairs. These analyses indicated that PbrOSCA2.2 and PbrOSCA2.1 endured a gene duplication event approximately 12 MYA and that PbrOSCA4.1 and PbrOSCA2.2 or PbrOSCA2.1 were involved in another duplication event approximately 100 MYA (Supplementary Table 1) .
1 Further investigation revealed that PbrOSCA4.1 and PbrOSCA2.5 or PbrOSCA2.6 are homologous pairs that diverged 103-128 MYA and PbrOSCA2.5 and PbrOSCA2.6 were subject to a gene duplication event 18 MYA. In addition, phylogenetic analyses showed a close relative genetic distance between PbrOSCA4.1 and PbrOSCA4.2, with divergence as recent as 15 MYA. Therefore, we conclude that PbrOSCA4.1, PbrOSCA4.2, PbrOSCA2.1, PbrOSCA2.2, PbrOSCA2.5, and PbrOSCA2.6 share a common ancestor.
In congruence with our estimates of duplication times, hexaploid events are reported to have occurred 140 MYA (Fawcett et al. 2009; Wu et al. 2013 ). Thus, we speculate that the event that produced the ancestor of PbrOSCA4.1 and then PbrOSCA2.1, PbrOSCA2.2, PbrOSCA2.5, and PbrOSCA2.6 was related to the hexaploid duplication event. In addition, because a lineage-specific WGD event occurred in pear 12-18 MYA (Wu et al. 2013) , we suggest that PbrOSCA2.1, PbrOSCA2.2, PbrOSCA2.5, PbrOSCA2.6, and PbrOSCA4.2 were generated during this event. Gene duplications provide potentials for novel gene functions. These homologous genes show diverse gene expression patterns in different tissues (Fig. 5) . It suggested that the OSCAs from pear may have diverse functions.
In this study, the expression of the PbrOSCA gene differed between tissues and changed in pear roots following exposure to osmotic stress. Specifically, most OSCA genes showed higher expression after treatment with 500 mmol L −1 D-sorbitol, suggesting that these genes were responsive to osmotic stress. Moreover, PbrOSCA1.3, PbrOSCA2.4, PbrOSCA2.5, and PbrOSCA2.6 and PbrOSCA4.1 were highly responsive to these treatments at 24 h, whereas expression levels of PbrOSCA1.4 reduced at 12 h and returned to levels similar to that of the control at 24 h. These data may indicate that PbrOSCA1.4 plays temporal regulatory roles in the response to osmotic stress. In contrast, expression levels of PbrOSCA3.1 and PbrOSCA4.2 showed a weak response to the present treatments. However, previous studies show that OSCA are involved in the regulation of plant osmotic stress responses in Arabidopsis and rice (Yuan et al. 2014; Li et al. 2015) , and herein we show that most OSCA genes sorbitol. Relative mRNA levels of individual genes were normalised to that of pear PbrTUB. Error bars indicate standard error of the mean of three biological replicates. Asterisk (*) suggests p value < 0.05. [Colour online.] influence osmotic stress responses in pear, although further studies are required to determine the ensuing regulatory mechanisms.
OSCA was initially identified as an osmosensor that mediates hyperosmolality-induced [Ca 2+ ] i increases in Arabidopsis and further studies revealed that this multiplemember family plays pivotal roles in sensing exogenous and endogenous osmotic changes and in regulating plant growth and development. The present sequence and phylogenetic analyses identified 16 PbrOSCAs that contained conserved DUF221 and DUF4463 domains and shared common structural characteristics with their homologues in Arabidopsis and rice (Yuan et al. 2014; Li et al. 2015) . Further experiments indicated that OSCAs respond to drought stress in roots. In addition, several OSCA were specifically expressed in the pollen, indicating potential roles in reproduction.
